Helicoidal fibre structures are widely observed in natural materials. In this paper, an integrated experimental and analytical approach was used to investigate the compressive resistance of helicoidal fibre structures. First, helicoidal fibre-reinforced composites were created using three-dimensionally printed helicoids and polymeric matrices, including plain, ring-reinforced and helix-reinforced helicoids. Then, load-displacement curves under monotonic compression tests were collected to measure the compressive strengths of helicoidal fibre composites. Fractographic characterization was performed using an X-ray microtomographer and scanning electron microscope, through which crack propagations in helicoidal structures were illustrated. Finally, mathematical modelling was performed to reveal the essential fibre architectures in the compressive resistance of helicoidal fibre structures. This work reveals that fibre-matrix ratios, helix pitch angles and interlayer rotary angles are critical to the compressive resistance of helicoidal structures.
Introduction
Helicoidal structures are widely found in biological systems [1] [2] [3] [4] , such as lobsters [5, 6] , mantis shrimps [7, 8] , crabs [9, 10] , human bones [11, 12] , bamboo [13] and wood [14] . In helicoids, successive fibres rotate at small angles to the longitudinal axis, making them effective in resisting cracks across layers by continuously diverting crack directions. Different reinforcements are found in natural materials to shield the helicoidal structures, such as mantis shrimps [7] , crabs [15] , human meniscus [16, 17] and plant cells [18] . For example, [19] .) (b) Tube structures around the helicoidal fibres of spider crabs. (Adapted from [15] .) (Online version in colour.)
Weaver et al. [7] found that thickened circumferential bands with parallel chitin fibres surround the periodic regions with helicoidal fibre structures in mantis shrimp (figure 1a), which constrain the helicoids radially. Meyers et al. [15] disclosed that the crab carapace comprises a hard, mineralized component and a softer, organized component. The brittle components are organized in helicoids, while the soft tubules with canals surround the brittle helicoidal cores to strengthen the structure (figure 1b). Similarly, both circumferential and radial fibres exist in human meniscus [16, 17] . The interplay between the radial fibre helicoids and circumferential fibres reinforces the entire meniscus structure.
Recently, these natural prototypes have motivated the creation of various bioinspired materials and structures using three-dimensional (3D) printing techniques [20] [21] [22] [23] [24] . Milliron [19] created 3D-printed helicoids with and without ring reinforcements. By using single-edge notched specimens, helicoids with ring reinforcements exhibited higher fracture loads than non-reinforced helicoids, and helical fractural surfaces were observed along successive fibre layers. Ribbans et al. [22] studied the interlaminar resistance of helicoidal fibre structures. The results showed that ring and helix reinforcements exhibited cutting-and-delaminating crack patterns under pure shear stresses. The related modelling work revealed that fibre-matrix modulus ratios and pitch angles of helix reinforcements were essential to the interlaminar shear resistance of helicoidal structures. Yang et al. [16] used electrically assisted 3D-printing techniques to produce different helicoidal carbon nanotube-reinforced polymeric composites. They reported that a smaller interlayer angle in helicoids leads to greater energy dissipation and impact resistance. Meanwhile, helicoid-inspired, fibre-reinforced polymeric composites have also been created using different fibres and matrices [25] [26] [27] [28] . Grunenfelder et al. [25] created three types of helicoidal composite plates by stacking rotated unidirectional plies at 7.8°, 16.3°and 25.7°, respectively. During impact tests, smooth damage patterns transited between plies, resulting in a reduction of through-thickness damage and an increment of residual strength over quasiisotropic composites with 45°cross-plies. Shang et al. [26] created carbon fibre-reinforced epoxy helicoidal composites at interlayer rotary angles of 10°and 18°. By indenting the composite plates, helicoidal composites with a 10°angle exhibited improved peak loads over control specimens with 90°cross-plies. Both delaminated fibre-matrix interfaces and fractured fibres were detected in failed specimens, in which deteriorated spiral damage penetrated along the depth. Yaraghi et al. [27] studied the 3D-printed sinusoidally architected helicoidal structures. The results showed that sinusoidal herringbone architecture enabled an enhancement of stress redistributions and out-of-plane stiffness compared with helicoidal architecture.
Different mathematical models have been proposed to investigate the mechanical behaviour of helicoidal structures [29] [30] [31] [32] . Chen et al. [29] used analytical models to study the pull-out energy by varying angles between the applied load and the embedded fibres. The results showed that substantially larger pull-out energy existed in helicoidal structures than in those with unidirectional fibre structures. Marklund & Varna [30] used concentric cylinders to model the performance of helical microfibril structures in secondary layers of wood fibres. Results showed that longitudinal moduli and Poisson's ratios were affected by helical angles of microfibrils. Wright and colleagues [31, 32] numerically investigated the tensile performance of helical auxetic yarn by varying the elastic properties of the core and helical wraps. The results showed that the fibre stiffness and pitch angles of helical wraps were critical to the yarn performance. Even though elastic properties were assumed, helicoidal structures exhibited nonlinear behaviour due to non-zero Poisson's ratios.
Despite these efforts, limited studies exist to elucidate the role of fibre architectures, including helicoidal fibres and reinforcements, in the compressive resistance of helicoidal fibre structures. The objective of this work is to use an integrated experimental and analytical approach to study the effect of fibre architectures on the compressive resistance of helicoidal fibre structures. In the beginning, three types of helicoidal fibre-reinforced composites were created using 3D-printed helicoids and polymeric matrices, including plain, ring-reinforced and helix-reinforced helicoids. Then, the compressive resistance of these helicoidal composites was measured using monotonic compression tests. Subsequently, the fractographic characterization was conducted using an X-ray microtomographer and a scanning electron microscope to examine crack propagations within/between fibres and matrices in helicoidal fibre structures. Finally, finite-element models were used to study the essential fibre architectures in the compressive resistance of helicoidal structures. Different architectural features were explored, including modulus ratios between fibres and matrices, pitch angles of helix reinforcements, interlayer rotary angles, and numbers of helix reinforcements. These findings could lead to the creation of high-performance bioinspired materials and structures.
Material and methods (a) Fibre cores and matrices
In this study, helicoidal fibre-reinforced composites were created using 3D-printed helicoidal cores and polymeric matrices. The helicoidal fibre cores were created with a 3D printer (Stratasys Dimension Elite 3d; Stratasys Ltd, Rehovot, Israel) using RGD720 resin (Stratasys Ltd, Rehovot, Israel). The matrices around the helicoidal cores were polyester resin (Fiber Glass Coatings Inc., St. Petersburg, FL, USA). The mechanical properties of the fibres and matrices are summarized in table 1. The matrices used in this study had slightly higher elastic moduli and tensile strengths than those of fibres. Three types of helicoidal fibre cores were created, including plain, ring-reinforced and helixreinforced helicoids (figure 2). The plain helicoids consisted of 11 successive layers of fibres with diameters of 0.69 mm, and interlayer rotary angles of 16.3°. Ring reinforcements with radial diameters of 1 mm were placed around the plain helicoids. The distance from the torus centre to the centre of the circular cross section was 5.2 mm. In helix-reinforced helicoids, 12 reinforcements with diameters of 1 mm were placed around the inner helicoids at pitch angles of 69°. A set of methods have been developed to create the helicoidal fibre-reinforced polymeric composites, including fibre core preparations, moulding and demoulding techniques, and composite processing, details of which were described in prior studies [39] . Cylindrical specimens containing the helicoidal fibre-reinforced structures were created in lengths of 20.32 mm and diameters of 11.43 mm. External moulds were fabricated to host the 3D-printed helicoidal fibre cores, in which polymeric matrices were infused gradually to cast the cylinders. The assemblies were tapped for approximately 45 min to remove air bubbles and then were hung to properly align the helicoids during a three-week curing period. When fibre-reinforced polymeric cylinders were removed from moulds, sandpapers (Pro-Pak, St. Paul, MN) of approximately 80 µm particles were used to polish the cylindrical surfaces. One finished cylindrical specimen is shown in figure 2d . In these composites, fibre volume ratios were approximately 0.22 for plain specimens, and approximately 0.30 for ring and helix specimens.
(c) Monotonic compression tests
Monotonic compression tests were performed to quantify the compressive strengths of different helicoidal structures. The cylindrical specimens were carefully aligned with the loading axis. Two stainless steel caps were placed on the cylinder ends to provide consistent contacts. By using a GeoComp Load Track II machine (GeoComp Corp., Acton, MA, USA), a preload of approximately 1 N was applied to specimens, and then the compressive force was ramped at a rate of 0.08 mm min −1 . Load-displacement curves were recorded to detail the failure of specimens. During monotonic compression tests, stress-strain curves exhibited long tails that gradually dissipated energy after peak loads. To elucidate how cracks propagate across rotated fibre layers, compression tests were terminated at approximately 0.10 strain, at which cylindrical specimens deformed but did not split into parts. For each type of helicoidal specimen, three replicas were collected for statistical analysis. X-ray microtomographic (microCT) and scanning electron microscopic (SEM) techniques were used to characterize crack propagations within fibres and matrices in helicoidal structures. The microCT imaging was performed using a Skycan 1173 X-ray microtomographer (Microphotonics Inc., Allentown, PA, USA). The deformed, unsplit specimens were scanned at a resolution of 1 × 1 k for approximately 2 h without any filters. After the microCT scan, specimens were compressed to split parts for fractographic observations. Fracture surfaces were coated with a gold/palladium layer of approximately 60 nm and were examined using a JEOL 6060LV scanning electron microscope (JEOL USA Inc., Peabody, MA, USA). SEM images were collected at low magnifications with an operating voltage of approximately 20 kV.
(e) Finite-element modelling
Finite-element modelling was performed to understand the role of fibre architectures on the compressive resistance of helicoidal fibre structures. These models in ABAQUS [40] had the same unit geometries as specimens used in experiments. The heights of geometrical models were 3.7 mm, which included two adjacent rotated fibre layers (figure 3a). Isotropic linear elastic materials were assigned to fibres and matrices with properties listed in table 1. A perfect bond was assumed between fibres and matrices so that no movements or interfacial failures occurred during the quasi-static loading process. Each model included approximately 900 000 linear tetrahedron elements. For boundary conditions, the bottom surface was fixed, and the top surface was applied with the compressive stress of 4 MPa. The central displacements of top surfaces were collected to compare the performance of different helicoidal structures. In the static, general module of ABAQUS [40] , the direct solver based on the full Newton technique was selected, in which a maximum of 100 increments was allowed. The roles of several factors in the compressive resistance of helicoidal fibre structures were numerically investigated, including modulus ratios between fibres and matrices, pitch angles of helix reinforcements, numbers of helix reinforcements and interlayer rotary angles between adjacent rotated fibres.
Results and discussions (a) Monotonic compression tests
Representative stress-strain curves of three types of helicoidal structures under monotonic compression tests are shown in figure 4. In these curves, compressive stresses gradually increased to peak values, then decreased and stayed flat over a substantial strain range. Statistical analysis showed that plain specimens exhibited the highest compressive strengths (49.7 ± 2. while ring specimens (30.3 ± 5.0 MPa) and helix specimens (36.7 ± 4.1 MPa) exhibited lower compressive strengths. This was because matrices used in this study had higher strength than the polymers used to print helicoidal fibre cores, whose properties are listed in table 1. Therefore, plain specimens, i.e. the non-reinforced helicoidal fibre structures, with the lowest fibre volume ratios (approx. 0.22) exhibited the highest compressive strength. Meanwhile, helix specimens exhibited higher compressive strengths than ring specimens even though the fibre volume ratios were the same (approx. 0.30). This was because helix reinforcements provided continuous shielding to resist compression compared with disconnected ring reinforcements.
More experimental results will be obtained for helicoidal fibre-reinforced composites with large fibre-matrix modulus ratios in the future.
(b) Fractographic characterization
Crack propagations in helicoidal structures were first examined using the microCT technique. Two planes were selected to view the unsplit specimens after peak loads (figure 5). One plane was perpendicular to the cylindrical axis (the top view); the other plane was parallel to the cylindrical axis (the side view). From the side view, cracks could propagate through rotated fibres in helicoids, through matrices, or along fibre-matrix interfaces ( figure 5a,b) . In figure 5a , cracks first cut through helicoidal fibres, delaminated fibre-matrix interfaces and then cut through interlayer matrices. In figure 5b , cracks propagated along fibre-matrix interfaces and then through interlayer matrices. Generally, crack paths switched between intracracks (inside fibres or matrices) and interfacial cracks (along fibre-matrix interfaces). Further scanning electronic characterization confirmed that both delaminated fibre-matrix interfaces and broken helicoidal fibres existed in the fractured specimen ( figure 6 ).
(c) Mathematical modelling of helicoidal fibre structures under compression
At the same fibre volume ratio, compression tests showed that helix reinforcements provided larger compressive resistance than ring reinforcements due to continuous shielding across rotated fibre layers. To elucidate the critical helicoidal architectures in resisting compression, finiteelement models were created to investigate the effects of different factors, including modulus ratios between fibres and matrices, pitch angles of helix reinforcements, rotary angles between adjacent rotated fibre layers and numbers of helix reinforcements. To evaluate the model performance, we compared finite-element predictions and experimental measurements in the elastic range, through which good agreement was obtained for different types of helicoidal specimens (figure 7). In the following sections, these models were used to study the effects of fibre architectures on the compressive resistance of helicoidal fibre structures in the elastic range.
(i) Compressive stress distributions in helicoidal fibre structures
Two planes were selected to illustrate the stress distributions in helicoidal structures. The first plane was in the middle of two adjacent fibre layers, and the second plane was in the middle of the lower layer (figure 3b). The contours in the first plane illustrated stress distributions in interlayer matrices, while those in the second plane illustrated stress distributions in helicoids.
To study the effects of the fibre modulus on the compressive resistance, we varied the fibrematrix ratios from 0.2 to 10, while maintaining the elastic modulus of the matrix at 1. shown in figure 8 . To better illustrate the contours, one scale bar is used for contours at ratios of 0.2 and 1.0, while the other scale bar is used for contours at a ratio of 10. When fibre-matrix modulus ratios were less than 1, higher compressive stresses were exhibited in matrices than those in fibres. When the fibre-matrix modulus ratio was 1, stress contours were uniform over cross sections, consistent with stress distributions of isotropic homogeneous materials under compression. When fibre-matrix modulus ratios were greater than 1, stresses in helix reinforcements were higher than those in matrices. These results demonstrated that helix reinforcements became more critical in resisting compression when fibre-matrix modulus ratios were large. Finite-element models were also created to study the effects of helix pitch angles on the compressive resistance ranging from 0°to 90°. In these models, the fibre-matrix ratios were 5, and the fibre volume ratios were 0.30. The 0°model included ring reinforcements, while the 90°model included vertical reinforcements ( figure 9 stresses in the rotated helicoidal fibres varied slightly. However, compressive stresses in the helix reinforcements increased substantially. Ring reinforcements in the 0°model constrained the horizontal rotated fibres, but interlayer matrices were not reinforced sufficiently due to the lack of continuous shielding across rotated fibres (top planes). The 90°helix-reinforcement model was the most efficient at resisting compression, resulting in the highest stresses in the helix reinforcements.
The interlayer rotary angles between adjacent horizontal fibres were crucial to the compressive resistance of helicoidal fibre structures. We created models with 12 helix reinforcements at pitch angles of 69°. The fibre-matrix modulus ratios were 5.0, and the fibre volume ratios were 0.30. Stress contours are shown for models with interlayer rotary angles of 0°, 45°and 90°(figure 10). On the bottom planes, stress distributions were almost the same. However, stress distributions in the interlayer matrices (top planes) changed from isolated strips to orthogonal networks as the interlayer rotary angle varied from 0°to 90°.
Mathematical modelling was also performed to study the effects of reinforcement numbers on the compressive resistance of helicoidal structures. Two to 24 helix reinforcements were placed around helicoids at pitch angles of 69°. The fibre-matrix modulus ratios were 5, and the fibre volume ratios were 0.30. To better illustrate stress contours, one scale bar was used for the twohelix model, whereas the other scale bar was used for the 12-and 24-helix models ( figure 11) . Stresses in the inner helicoidal cores were almost the same for specimens with different numbers of reinforcements on both the top and bottom planes, respectively. Also, higher stresses existed in helix reinforcements than those in rotated fibres, demonstrating that helix reinforcements were effective in resisting compression.
(ii) Two-dimensional trends of compressive resistance in helicoidal fibre structures Detailed trends were further illustrated based on fibre-matrix ratios, pitch angles, interlayer rotary angles and helix numbers. First, displacements of helicoids were collected for models with modulus ratios from 0.1 to 20. In comparison, predictions of isotropic linear models based on the rule of mixtures [41, 42] were included at corresponding ratios. The results (figure 12a) show that fibre-matrix modulus ratios affected the compressive resistance of helicoidal fibre structures. When fibre-matrix modulus ratios were less than unity, helicoidal structures exhibited larger displacements than isotropic models. This trend was reversed when modulus ratios varied from 1.0 to 5.0. However, when modulus ratios were greater than 5, helicoidal fibre structures exhibited larger displacements again. Then, displacements under compression of helicoidal structures were examined by varying pitch angles from 0°to 90°. Figure 12b shows that smaller displacements occurred as the pitch angle increased, and helicoids with 90°vertical reinforcements exhibited the lowest displacement.
Variations in the interlayer rotary angle also affected the compressive resistance of helicoids (figure 12c). Small interlayer rotary angles resulted in a lower displacement of helicoidal fibre structures until the angle reached 15°. An increase in displacement occurred when the angle increased from 15°to 30°. After that, displacement plots became relatively flat. These results demonstrate that the reduction of overlapping areas between the rotated fibres resulted in larger displacements, which reduced the compressive resistance of helicoidal structures.
Displacements of helicoids with various helix reinforcements are shown in figure 12d . The central displacements under compression were not substantially affected by the numbers of helices given the same volume of helix reinforcements. This was because equal distances between the helix reinforcements and the cylindrical axis made these helicoids similar in compressive resistance.
(iii) Integrated study of the compressive resistance of helicoidal fibre structures 6.020 h e l i x p i t c h a n g l e ( d e g r e e s ) h e l i x p i t c h a n g l e ( d e g r e e s ) i n t e r l a y e r r o t a r y a n g l e ( d e g r e e s ) i n t e r l a y e r r o t a r y a n g l e ( d e g r e e s ) h e l i x p i t c h a n g l e ( d e g r e e s ) i n t e r l a y e r r o t a r y a n g l e ( d e g r e e s ) (a) ( b) (c) in the fibres and matrices. Further understanding of how these factors affect the compressive resistance of composite helicoidal fibre structures can be pursued by systematically exploring helicoids with different factors. An integrated study was performed to study the effects of multiple factors on the compressive resistance of helicoidal fibre structures in the elastic range, including pitch angles of helix reinforcements, interlayer rotary angles and fibre-matrix modulus ratios. In these models, the fibre volume ratios were 0.30. Interlayer rotary angles were 0°, 8°, 15°, 45°, 75°and 90°. Pitch angles were 15°, 30°, 45°, 60°, 75°and 90°. Three fibre-matrix modulus ratios were studied, i.e. 1 : 5, 1 : 1.3 and 5 : 1, while the elastic modulus of the matrix was 1.3 GPa. Three-dimensional contours of displacements were summarized with respect to helix pitch angles, interlayer rotary angles and fibre-matrix modulus ratios (figure 13a-c). Among these plots, helicoidal fibre structures with stiffer fibres exhibited lower rotations (figure 13a) than those of soft fibres ( figure 13b,c) . Displacement variations existed in helicoidal structures for different interlayer and rotary angles ( figure 13a,c) . When the fibre-matrix modulus ratio was close to 1 (figure 13b), displacements were not sensitive to variations in helix pitch and interlayer rotary angles as expected. For all plots (figure 13a-c), lower displacements occurred in helicoids when the helix pitch angles were large, and the interlayer rotary angles were small. This was because helicoids with large pitch angles provided more vertical support to resist compression, while helicoids with small interlayer rotary angles generated more overlapped areas between rotated horizontal fibres.
In this work, we used an integrated experimental and modelling approach to reveal the compressive resistance of helicoidal fibre structures. The results are consistent with findings in prior studies. For example, our modelling results suggest that smaller interlayer rotary angles generated higher compressive resistance of helicoids, which is in agreement with the data trends obtained experimentally from Yang et al. [16] . Our results on other factors of the fibre architectures could also guide the creation of more bioinspired helicoids. In addition, we disclose the stress distributions in fibres and matrices of helicoids that have not been fully studied in the prior literature. Although the spiral crack patterns in helicoids have been reported [16, 19, 26, 43, 44] , we reveal the alternating intra-and intercrack patterns between helicoidal layers. In the future, we will study the compressive failure of helicoidal fibre structures beyond the initial elastic range by combining experiments and mathematical modelling. Helicoidal structures will be optimized based on architectural and material constraints, and then be 3D-printed for experimental validation. Findings from these iterations will lead to the creation of high-performance bioinspired composites and structures.
Conclusion
Helicoidal fibre structures exist in many biological systems. In this work, an integrated experimental and numerical approach was used to study the compressive resistance of bioinspired helicoidal fibre structures. First, three types of helicoidal fibre-reinforced composites were created using 3D-printed helicoidal cores and polymeric matrices, including plain, ringreinforced and helix-reinforced helicoids. Stress-strain curves of cylindrical composite specimens detailed the failure of helicoids under monotonic compression tests. Since matrices used in this study were slightly stronger than fibres, plain specimens with the fewest fibres exhibited the highest compressive strength. At the same fibre-volume ratio, helix-reinforced helicoids provided higher compressive resistance than ring-reinforced helicoids due to continuous shielding across rotated layers. Fractographic characterization showed that both cutting-through (intra-) and interfacial (inter-) cracks existed in failed helicoids. The alternating intra-and intercrack patterns in helicoids may effectively dissipate energy during crack propagations.
To reveal the critical fibre architecture in resisting compression, finite-element models were created to study the effects of various factors on the compressive resistance of helicoidal structures in the elastic range, including fibre-matrix modulus ratios, pitch angles of helix reinforcements, interlayer rotary angles between adjacent horizontal fibres and numbers of helix reinforcements. The results show that stress levels in helix reinforcements increased substantially at large fibrematrix ratios. At the same fibre-volume ratio, helicoids with large pitch angles and small interlayer rotary angles exhibited higher compressive resistance, while the compressive resistance was not substantially affected by numbers of helix reinforcements. This was because vertical helix reinforcements and extensively overlapped fibres at small rotary angles generated more efficient structures to resist compression. Based on these findings, the fibre-matrix modulus ratios and pitch angles of helix reinforcements are most essential to the compressive resistance of helicoidal fibre-reinforced composites. It is expected that larger fibre-matrix ratios (more than 10) and larger helix pitch angles (close to 90°) could lead to more compression-resistant helicoidal fibre structures. The authors also expect to extend the study of helicoidal fibre structures beyond the initial elastic stage, and develop extended models to elucidate the entire failure of helicoids in the future. Authors' contributions. T.T. and B.R. performed the experiments, conducted the modelling and wrote the paper. Competing interests. The authors have no competing interests. Funding. This work is supported by the College of Engineering and Mathematical Sciences at the University of Vermont (UVM), the Vermont NASA EPSCoR (grant no. NNX13AB35A), the UVM clean energy fund (grant no. 028613) and the Vermont Venture Innovation Fund (grant no. 031365).
